Introduction
Genetically modified hematopoietic stem cells (HSCs) offer an attractive therapeutic strategy for the treatment of inherited and acquired hematologic disorders such as HIV infection and cancer. Multipotent HSCs are capable of engrafting and self-renewing in the recipient host to provide life-long hematopoietic reconstitution. 1, 2 Genetically modified HSCs would ideally exhibit similar properties as normal HSCs, with the exogenously provided genetic program carried throughout the hematopoietic system. Human HSCs are commonly identified by the CD34 1 antigen, which marks a heterogeneous cell population with both short-and long-term engrafting cells. Gene delivery to HSCs for genetic modification has revolved around the use of g-retroviral vectors and self-inactivating HIV-based lentiviral vectors (LVs) pseudotyped with the vesicular stomatitis virus G glycoprotein (VSV-G). LVs are advantageous over g-retroviral vectors for 2 reasons: they are able to integrate into the genome of noncycling CD34 1 cells, [3] [4] [5] and they lower oncogenic risk by reducing propensity for integration near transcriptional start sites and eliminating long terminal repeat-based gene expression. [6] [7] [8] Despite recent advances, barriers for optimized HSC gene therapy still exist. Key to successful HSC gene therapy is the development of methods that allow highly efficient gene delivery under ex vivo conditions that do not significantly alter biological properties of HSCs. We and others have reported modest LV transduction efficiency of 15% to 25% in nonobese diabetic/ severe combined immunodeficiency-repopulating HSCs derived from human umbilical cord blood in the absence of cytokine stimulation.
9,10 Short-term culture of CD34 1 cells with appropriate HSC-supportive cytokines approximately doubled transduction efficiency over that achieved under nonstimulating conditions.
11,12
However, prolonged culture with the same cytokines resulted in a loss of human cell engraftment in nonobese diabetic/severe combined immunodeficiency mice without further enhancement in transduction, suggesting a trade-off between transduction efficiency and engraftment potential during ex vivo culture. 12 Other methods aimed at enhancing LV transduction in HSCs, such as increasing the multiplicity of infection (MOI), using sequential transductions, or employing alternative envelope pseudotypes, have resulted in limited success in laboratory settings.
11, 13 Clinically, similarly modest patient marking efficacy has been reported from studies assessing LV-based gene-replacement strategies to treat b-thalassemia, leukodystrophy, and Wiskott-Aldrich syndrome, unless employing very high MOIs and extended ex vivo culture. [14] [15] [16] [17] [18] These reports imply that intrinsic barriers exist in HSCs that limit LV transduction efficiency.
Early events in the HIV-1 replication cycle are not well defined and are targeted by multiple cell-intrinsic restriction pathways. 19 Autophagy, a lysosomal degradative pathway that maintains cellular homeostasis and supports survival during periods of stress, is emerging as an antiviral defense mechanism. Autophagy intersects with HIV-1 replication in an intricate manner. 20 In macrophages, basal autophagy is required for efficient HIV-1 infection, and early autophagosomes promote Gag processing. 21, 22 However, in line with its antiviral properties, mature autophagosomes degrade HIV-1 virions in macrophages, and HIV-1 downregulates productive autophagy in T cells, dendritic cells, and macrophages to facilitate infection. 23, 24 Despite mounting evidence for a role of autophagy in HIV-1 replication in mature hematopoietic cells, it has not been investigated in HSCs. Furthermore, existing evidence points to a role for autophagy in HIV-1 protein synthesis and assembly, but it is not known whether autophagy affects early stages of HIV-1 replication such as entry and uncoating. In this study, we investigated the effect of rapamycin, a canonical inducer of autophagy via inhibition of the mammalian target of rapamycin (mTOR) complexes, in LV entry and integration in mouse and human HSCs. We found that rapamycin-induced mTOR inhibition, but not autophagy, significantly enhanced HSC transduction while preserving engraftment potential. Our finding that small-molecule inhibitors of mTOR could modulate LV transduction efficiency in HSCs is potentially applicable in clinical settings.
Methods

Human HSC transduction and mouse transplantation
Human cord blood CD34 1 cells, under approved institutional protocol and in accordance with the Declaration of Helsinki, were isolated using the EasySep Human Cord Blood CD34 Positive Selection Kit (STEMCELL Technologies, Vancouver, BC, Canada). The general transduction conditions are shown in Figure 1A . CD34 1 cells were cultured in Iscove modified Dulbecco medium containing 20% BIT 9500 (STEMCELL Technologies) and either not stimulated or prestimulated for 24 hours with 50 ng/mL each of human thrombopoietin, human granulocyte colony-stimulating factor, and human interleukin-6, 100 ng/mL human Flt-3 ligand, and 150 ng/mL human stem cell factor (SCF; Peprotech, Rocky Hills, NJ). After 24 hours of prestimulation, cells were transduced at 1 3 10 5 cells/mL for 12 hours in the presence of 4 mg/mL polybrene. Rapamycin, or dimethylsulfoxide (DMSO) only as a vehicle control, was included in the transduction mixture where indicated and washed out after transduction. Cells were prestimulated unless otherwise stated. Following transduction, cells were maintained in growth phase for 10 to 14 days in vitro using Iscove modified Dulbecco medium containing 10% fetal bovine serum, 50 ng/mL of interleukin-3 and interleukin-6, and 100 ng/mL SCF. Enhanced green fluorescent protein (EGFP) expression was assessed by flow cytometry. NOD.Cg-Prkdc 
Results
Rapamycin enhances in vitro transduction efficiency in mouse and human HSCs
To study the potential impact of autophagy on LV transduction of HSCs, we performed transduction in the presence of rapamycin, an inducer of autophagy through allosteric inhibition of mTOR. Human cord blood CD34
1 cells, a population that contains HSCs and hematopoietic progenitors, were stimulated with HSC-supportive cytokines in serum-free medium and transduced with third-generation EGFP-expressing LVs (CG-UbiC-EGFP) in the presence of rapamycin ( Figure 1A ). Transduction efficiency was evaluated by flow cytometry after in vitro culture in rapamycin-free, serum-containing medium for 10 to 12 days. Rapamycin enhanced in vitro transduction efficiency by a factor of 2 or greater over a range of MOIs at concentrations above 5 mg/mL ( Figure 1B-C) . Torin 1, an active site mTOR inhibitor, 25 also enhanced transduction at concentrations above 1.25 mM ( Figure 1D ). Mean fluorescence intensity (MFI) ( Figure 1E ) and fold-change in LV copy number per cell ( Figure 1F ) increased concomitantly with EGFP marking frequency. We observed minimal differences in the viability of CD34 1 cells in the presence of 5 to 20 mg/mL of rapamycin (supplemental Figure 1A) . Growth rate of rapamycin-treated cells was initially retarded in a dose-dependent manner, consistent with the previously reported antiproliferative effect of rapamycin (supplemental Figure 1B) , 26, 27 but returned to levels of control cells within 12 days. Rapamycintreated cells exhibited reduced forward scattering by flow cytometry, characteristic of smaller cell size (supplemental Figure 1C) . Moreover, continued treatment with rapamycin has been shown to reduce expansion, but not myeloid differentiation of human CD34 1 cells. 28 Assessment of colony-forming activity of CD34 1 cells after prestimulation and 12-hour rapamycin treatment indicated that 10 mg/mL of rapamycin slightly depressed progenitor plating efficiency, whereas 20 mg/mL had a more substantive effect, relative to controls (supplemental Figure 2A) . Cell-type distribution among colonies, consistent with differentiation, was not statistically altered among rapamycin treatment and control groups (supplemental Figure 2B-C) . Next, we investigated whether rapamycin-mediated transduction enhancement was limited by HSC activation status, cell source, or LV entry receptor. We transduced CD34
1 cells with or without 24 hours of cytokine prestimulation and observed largely diminished transduction enhancement in the absence of cytokines (supplemental Figure 3A) . To determine if transduction enhancement is limited by the source of HSCs, we transduced human bone marrow CD34 To determine if transduction enhancement is restricted to VSV-G pseudotyped LVs that use LDL receptors for entry, we generated LVs pseudotyped with Lassa virus glycoprotein (LASV), which mediates a-dystroglycandependent entry. 29, 30 Transduction with LASV-LVs was enhanced by a factor of 21 in the presence of rapamycin (supplemental Figure 3C ). Figure 5A -B). At 19 weeks post-CD34 1 cell transplantation and engraftment in NSG mice, we observed no significant differences in human cell bone marrow engraftment levels between the 10 mg/mL rapamycin treatment and control groups, and modestly lowered engraftment in the 20 mg/mL rapamycin treatment group, possibly resulting from fewer CD34 1 cells injected per mouse ( Figure 3A ). Both rapamycin treatment groups showed increased EGFP marking in CD45 1 human cells in the bone marrow ( Figure 3B ) and spleen (supplemental Figure 4C) , as well as increased MFI and bone marrow LV copy number ( Figure 3B and supplemental Figure 5C ). Hematopoietic lineage analyses showed increased EGFP marking frequency in bone marrow CD34 1 HSCs, as well as myeloid, B cells, and T cells from the bone marrow, spleen, and thymus ( Figure 3C and supplemental Figure 5D ). EGFP-marked primary NSG bone marrow cells were capable of engrafting sublethally irradiated secondary recipients and maintaining EGFP expression (supplemental Figure 5E ).
Rapamycin-mediated transduction enhancement requires mTOR engagement
We investigated the role of rapamycin-mediated autophagy induction and mTOR inhibition in transduction. We hypothesized that autophagy induction alone without mTOR regulation may be sufficient to bring about transduction enhancement. However, when CD34 1 cells
were treated with a Tat-beclin 1 peptide recently shown to activate autophagy via an mTOR-independent mechanism, 31 we observed a dose-dependent decline in transduction ( Figure 4A ). Furthermore, we found that Lin 2 bone marrow cells from mice heterozygous for beclin 1 which have impaired autophagy, 32 showed the same degree of rapamycin-mediated transduction enhancement as wild-type cells, further supporting the lack of autophagy involvement in transduction ( Figure 4B ). We also did not detect colocalization of LV with LC3B 1 vesicles by confocal microscopy, suggesting a lack of association between incoming LVs and LC3B 1 autophagosomes (supplemental Figure 6 ). We next examined whether mTOR inhibition by rapamycin, upstream of autophagy induction, is necessary by using FK506 to disrupt rapamycin-mTOR interaction. 33 FK506 diminished transduction enhancement induced by rapamycin ( Figure 4C ), but not by Torin 1 (Figure 4D ), whose binding to mTOR is unaffected by FK506, 25 indicating that mTOR inhibition is required.
Rapamycin-mediated transduction enhancement is not due to modulation of LV capsid interacting factors, cellular p21 protein, or cell-cycle delay
We next determined whether rapamycin downregulates known LV restriction pathways in hematopoietic cells. The HIV-1 capsid is a major target for cellular factor recognition during viral entry and regulates postentry transduction efficiency through interactions with restriction factors such as TRIM5 or cofactors such as human cyclophilin A (CypA). 34 The G89V capsid mutation abolishes interaction with CypA, reducing LV transduction efficiency and rendering LVs insensitive to the capsid-CypA-disrupting drug cyclosporin A. 35, 36 However, the G89V mutation did not abolish transduction enhancement by rapamycin (supplemental Figure 7A) . Another set of capsid mutations that render LVs independent of downstream effects of CypA binding 37 moderately enhanced transduction efficiency but did not preclude further enhancement by rapamycin (supplemental Figure 7B) . Next, we examined whether rapamycin modulates the p21 protein, recently reported to restrict HIV-1 in HSCs. 38 Flow cytometric analysis revealed no change in intracellular p21 protein levels following rapamycin treatment (supplemental Figure 7C) . 
org From
Rapamycin is known to reduce cell-cycle progression and cell proliferation as well as promote HSC quiescence. 39 To determine if the effect of rapamycin on transduction was distinct from that on cell cycle and growth of CD34 1 cells, we first examined cell-cycle distribution of CD34 1 cells following rapamycin treatment. We found a delayed progression through G1, characterized by reduced RNA and DNA levels within 6 and 12 hours of treatment, respectively (supplemental Figure 7D ). However, a delayed cell cycle is unlikely to account for increased LV transduction, as pretreating and washing out rapamycin immediately prior to transduction initiation, a time frame during which the inhibitory effects on cell cycle are likely retained, did not increase transduction above control (supplemental Figure 7E ).
Rapamycin enhances LV postbinding endocytic entry
To identify the cellular pathway involved in rapamycin-mediated transduction enhancement, we investigated the stage(s) at which LV transduction was affected. Rapamycin did not increase the amount of surface-bound LVs following a 2-hour incubation at 4°C as shown by anti-p24 enzyme-linked immunosorbent assay, even though it did allow increased transduction when cells were then washed and shifted to 37°C ( Figure 5A ). Cell-surface levels of LDL receptors and a-dystroglycan, the respective receptors for VSV-G and LASV, were unchanged after rapamycin treatment ( Figure 5B ). Rapamycin enhanced transduction by LVs prebound to the cell surface for 2 hours at 4°C ( Figure 5C ), but not by LVs that had entered cells for 2 hours at 37°C ( Figure 5D ). These findings suggested that rapamycin enhanced postbinding events. Consistent with this idea, we observed increased cytoplasmic entry of LV cores following rapamycin treatment using a BLAM-Vpr fusion assay ( Figure 5E ). 40 Moreover, the amounts of LV reversetranscription products quantified by quantitative polymerase chain reaction (qPCR) were increased by a factor of 2 to 3, mirroring the magnitude of enhancement in in vitro transduction ( Figure 5F ). Notably, the efficiency of reverse transcription remained unchanged, indicated by similar ratios between adjacent pairs of reversetranscription products in the absence or presence of rapamycin ( Figure 5G ). Also consistent with an effect of rapamycin early in LV processing, genomic integration was not required for transduction enhancement, as rapamycin increased transduction by integrationdeficient LVs in both human and mouse HSCs (supplemental Figure 8) . Finally, we verified that rapamycin treatment did not provide an alternative entry pathway for VSV-G pseudotyped LVs by blocking rapamycin-mediated transduction in human and mouse HSCs with bafilomycin A1, an inhibitor of pH-dependent endocytosis (supplemental Figure 9 ). Together, these findings show that rapamycin did not increase LV binding to cell-surface receptors but enhanced postbinding, pH-dependent endocytic entry mediated by VSV-G.
Rapamycin does not alter LV chromosomal integration profile
Given the increased LV copy number per cell, we asked whether rapamycin altered genomic accessibility for LV integration, because rapamycin is known to alter global cellular transcription. [41] [42] [43] We performed high-throughput retrovirus integration site (RIS) analysis 44 on Lin 2 bone marrow cells harvested from multiple mice derived from in vivo experiments. In agreement with the increase in LV copy number, we observed a significant increase in the total number of unique RISs in the rapamycin-treated group compared with control ( Figure 6A ). There were no differences in the chromosomal frequency of insertion between treatment groups, although insertions in chromosomes 7 and 13 exhibited a near-significant change (P values of .077 and .076, respectively) in the rapamycintreated group ( Figure 6B ). Genome-wide display of RIS in these chromosomes ( Figure 6C ) suggested that this difference reflects fewer retrieved sites in control mice rather than an altered pattern of integration. Analysis of LV insertion site profiles proximal to mouse genes using QuickMap 45 revealed similar patterns of insertion within genes and near gene transcription start elements between rapamycintreated and control animals (supplemental Table 1 ). Using a semiquantitative capture frequency analysis to determine the relative contribution of each unique RIS-bearing clone to the Lin 2 cell pool in vivo, we observed dominant clonal contributions, defined as any unique RIS representing $20% of the detectable gene-modified cell pool, in both groups (supplemental Table 2 ). However, there was no difference in the relative frequency of clonal dominance that correlated with treatment group in this limited data set. A minimum of 35 additional clones were detected in all mice displaying clonal dominance, and none of the mice demonstrated evidence for myelodysplastic syndrome or leukemia.
Rapamycin enhances in situ HSC transduction via IO infusion
The feasibility of in situ gene delivery by direct intraosseous (IO) infusion has recently been demonstrated in mice and could be adapted for human clinical trials. [46] [47] [48] We hypothesized that localized delivery of rapamycin along with LVs via IO infusion may enhance in situ transduction. We performed mouse IO infusion of LVs in the presence or absence of 250 mg/kg codelivered rapamycin and examined EGFP expression 62 days after treatment. Rapamycin significantly increased the percentage of EGFP-expressing bone marrow Lin 2 Sca-1 1 c-Kit 1 cells from 4% to 17%, whereas MFI and LV copy number per cell remained unchanged (Figure 7 ). BLOOD, 7 AUGUST 2014 x VOLUME 124, NUMBER 6 HIGH-LEVEL HEMATOPOIETIC STEM CELL GENE DELIVERY 919
For RIS mapped to each chromosome. White, DMSO only; red, 5 mg/mL rapamycin. Asterisk (*) denotes borderline significant differences between the frequency of integration in chromosomes 7 and 13 (P 5 .077 and .076, respectively). (C) Genome distribution of identified integration sites. The mouse genome is represented by chromosomes 1 to 19, x and y clockwise from top. Inner circles represent all mice from a given treatment group: rapamycin-treated mice (first inner circle, warm colors) and control mice (second inner circle, cool colors). Each colored dot represents an individual integration event and is color-coded by the mouse in which it was identified within the specified treatment group. Integrations mapped to chromosomes 7 and 13 are magnified (center). For all panels, lines represent group mean and error bars represent standard deviation.
Discussion
Highly efficient gene delivery without compromising stem cell function is a holy grail in HSC gene therapy. Here, we show that a brief ex vivo rapamycin treatment efficiently enhances LV transduction of primitive human and mouse HSCs while preserving long-term and secondary engraftment. Transduction enhancement was reflected by concomitant increases in EGFP-marking frequency, MFI, and integrated LV copy number. Notably, when the same batch of transduced CD34 1 cells was assayed in vitro and in vivo, we observed much higher transduction enhancement in vivo. This suggests that while rapamycin enhances LV transduction in both primitive and progenitor hematopoietic cells, the effect is much more pronounced in primitive HSCs and is dampened during differentiation. Furthermore, the cross-species observation of rapamycinmediated transduction enhancement suggests the existence of an evolutionarily conserved pathway in HSCs in response to mTOR inhibition. Even though rapamycin modestly enhanced transduction efficiency in quiescent CD34 1 cells, maximal enhancement was observed in the presence of HSC-supportive cytokines, suggesting involvement of additional cellular factors dependent on the activation state of HSCs. Rapamycin-mediated transduction enhancement was dependent on mTOR inhibition and occurred via postbinding enhancement in LV endocytosis into the cytoplasm. Transduction enhancement occurred following treatment with either rapamycin or Torin 1, indicating that it can result from either direct or allosteric mTOR inhibition. Surprisingly, transduction enhancement appeared independent of rapamycin-induced autophagy. In fact, we observed little accumulation of cytoplasmic LC3B
1 foci in CD34 1 cells treated with 10 mg/mL rapamycin by confocal microscopy, suggesting that at these concentrations rapamycin may not be a potent autophagy inducer in HSCs. In contrast, treatment with Tat-beclin 1, which strongly promotes autophagy via an mTOR-independent mechanism, 31 as was evidenced by increased autophagic vesicles in CD34 1 cells (supplemental Figure 6) , reduced LV transduction. Rather than enhancing autophagy, rapamycin functioned to enhance LV postbinding cytoplasmic entry events. Furthermore, we found that rapamycin did not affect LV cell-surface binding or efficiency of reverse transcription, but rather overcame the hurdle of delivering LV cores to the cytoplasm. This suggests that cytoplasmic entry may be a major restriction point in LV transduction of HSCs, analogous to observations using a cytoplasmic fusion-deficient HIV isolate, which can be rendered hyperinfectious by agents that disrupt the endocytic pathway to promote fusion. 49 TORC1 has been shown to modulate endocytosis of plasma membrane proteins in yeast, 50 but a role for mammalian mTOR complexes in endocytic regulation has yet to be established. It will be of interest to identify a physiological role(s) for this novel mTOR-regulated HSC endocytic program in future studies. Rapamycin-mediated transduction enhancement was observed for LVs pseudotyped with VSV-G or LASV, 2 envelope proteins that mediate clathrin-dependent, pH-dependent endocytosis. Further studies are needed to determine whether rapamycin enhances internalization via other entry pathways.
We investigated the role of other reported LV restriction pathways in HSCs and found that rapamycin-mediated transduction enhancement did not coincide with the action of capsid-binding factors or cellular p21 protein content. Mutating the LV capsid protein to abolish binding of human CypA or other factors had no effect on the magnitude of rapamycin-mediated transduction enhancement, and rapamycin did not alter p21 protein levels in CD34
1 cells. This is in accordance with our finding that rapamycin enhances LV cytoplasmic entry, which is mechanistically upstream from the action of postentry restriction factors such as CypA, TRIM5, and p21. Santoni de Sio et al reported that disruption of proteasome activity by MG132 enhanced LV transduction in CD34
1 HSCs and other stem cells and that proteasome inhibition acted in conjunction with HSC-supportive cytokines for maximum relief of restriction, similar to our observations with rapamycin. 13, 51 The authors speculate that proteasome-mediated LV restriction targets postentry steps such as capsid uncoating and reverse transcription but did not directly examine the levels of cytoplasmic LV core or reverse-transcription products. Although little is known on the interplay between proteasome and mTOR in hematopoietic cells, it has been reported that mTOR activation requires proteasome function in muscle cells, and MG132 downregulates mTOR levels in tumor cells. 52, 53 Therefore, mechanistic overlap between mTOR and proteasome pathways in relieving LV restriction in HSCs is a possibility. On the other hand, Dueck and Guatelli 54 reported maximum enhancement of HIV-1 infection using MG132 pretreatment rather than concurrent treatment, whereas we found that pretreatment with rapamycin abolished enhancement of LV transduction, suggesting different temporal actions of the 2 molecules. Further studies assessing the precise mechanisms whereby mTOR and proteasome inhibition relieve LV restriction are warranted.
Rapamycin reduces cell-cycle progression and cell proliferation in multiple cell types, which is the basis for its immunosuppressive and anticancer properties. Although rapamycin dampens cell-cycle progression of CD34 1 cells, we observed rapid loss of transduction enhancement following rapamycin pretreatment and washout, suggesting that transduction enhancement likely occurs via a mechanism that quickly dissipates upon rapamycin withdrawal, distinct from cell-cycle delay. Nonetheless, cytokine stimulation was key for rapamycin enhancement, suggesting that additional cellular pathways independent of rapamycin activity were necessary. Apart from transduction enhancement, rapamycin may be beneficial for HSC gene therapy by promoting preservation of primitive HSCs, indicated by enhanced engraftment of CD34 1 cells in NSG mice following ex vivo rapamycin treatment as previously reported. 55 In this regard, we observed enhanced engraftment of rapamycin-treated mouse Lin 2 cells, but not human CD34 1 cells, possibly due to the lower rapamycin concentration used to treat the former. Further adjustment of ex vivo transduction protocol may allow optimization of both transduction efficiency and engraftment ability in primitive HSCs. Rapamycin is known to influence global transcriptional and translational profiles [41] [42] [43] and could potentially impact LV integration site selection by altering chromosomal accessibility. Although BLOOD, 7 AUGUST 2014 x VOLUME 124, NUMBER 6 HIGH-LEVEL HEMATOPOIETIC STEM CELL GENE DELIVERY 921
For personal use only. on April 5, 2017 . by guest www.bloodjournal.org From rapamycin increased integrated LV copy number in Lin 2 mouse engrafting cells, we observed no significant alterations in chromosomal integration profile or LV insertional site usage. Consistent with the increase in total LV copy number, rapamycin-treated cells exhibited a broader range of integration sites and a trend toward decreased clonal dominance. Furthermore, none of the mice engrafted with rapamycin-treated cells displayed leukemia or oligoclonal reconstitution. However, analysis of larger numbers of recipient animals and integration sites will be required to verify these findings.
The long-term safety of rapamycin-assisted gene delivery to human HSCs in clinical applications awaits detailed future examination. Finally, rapamycin enhanced in situ HSC transduction via IO infusion, demonstrating its potential applicability to an alternative clinical transduction protocol that eliminates the need for ex vivo cell manipulation. We observed enhanced EGFP marking frequency, but not MFI or LV copy number, in in situ-transduced mouse bone marrow HSCs. This may be due to localized rapamycin concentration differing between the in situ and ex vivo settings or systemic effects of rapamycin. Thus, IO infusion may represent an attractive alternative to ex vivo transduction protocols by optimizing transduction frequency without increasing LV copy number per cell, further minimizing the risk of insertional mutagenesis. Further, our in situ findings suggest that fine-tuning rapamycin concentration in an ex vivo setting may allow enhanced transduction without concomitant increase in LV copy number per cell.
Taken together, our findings have major translational implications. Rapamycin treatment has the potential to significantly improve clinical efficacy of gene delivery to HSCs, possibly allowing the use of shorter ex vivo culture and/or fewer LV particles per cell to achieve clinically desirable LV copy numbers. In turn, this could be beneficial by reducing costs for clinical gene-delivery procedures. Our encouraging initial confirmation of the safety profile of rapamycinassisted gene delivery, together with the practicality of rapamycin usage as a clinically approved drug, should open the door for future animal model and human studies. 
